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Abstract
High-risk neuroblastoma (HR-NB) is an aggressive childhood cancer that responds 
poorly to currently available therapies and is associated with only about a 50% 5-year 
survival rate. MYCN amplification is a critical driver of these aggressive tumors, but so 
far there have not been any approved treatments to effectively treat HR-NB by tar-
geting MYCN or its downstream effectors. Thus, the identification of novel molecular 
targets and therapeutic strategies to treat children diagnosed with HR-NB represents 
an urgent unmet medical need. Here, we conducted a targeted siRNA screening and 
identified TATA box-binding protein-associated factor RNA polymerase I subunit D, 
TAF1D, as a critical regulator of the cell cycle and proliferation in HR-NB cells. Analysis 
of three independent primary NB cohorts determined that high TAF1D expression 
correlated with MYCN-amplified, high-risk disease and poor clinical outcomes. TAF1D 
knockdown more robustly inhibited cell proliferation in MYCN-amplified NB cells 
compared with MYCN-non-amplified NB cells, as well as suppressed colony forma-
tion and inhibited tumor growth in a xenograft mouse model of MYCN-amplified NB. 
RNA-seq analysis revealed that TAF1D knockdown downregulates the expression of 
genes associated with the G2/M transition, including the master cell-cycle regulator, 
cell-cycle-dependent kinase 1 (CDK1), resulting in cell-cycle arrest at G2/M. Our find-
ings demonstrate that TAF1D is a key oncogenic regulator of MYCN-amplified HR-NB 
and suggest that therapeutic targeting of TAF1D may be a viable strategy to treat 
HR-NB patients by blocking cell-cycle progression and the proliferation of tumor cells.
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1  |  INTRODUC TION

Neuroblastoma is the most common extracranial malignant solid 
tumor in children, accounting for ~7% of childhood malignancies and 
15% of all childhood cancer deaths.1 NB derives from the malignant 
transformation of neural crest cells or chromaffin cells during devel-
opment.2 Based on clinical and molecular indicators, NB is stratified 
into low risk, intermediate risk, or high risk.3 Among HR-NB, ~40% 
harbor amplification of the MYCN oncogene, and a direct role for 
this lesion in the refractory tumor phenotype has been validated.4–6 
Despite advances in multimodal therapy strategies that can include 
chemotherapy, surgery, autologous transplant, and immunotherapy, 
patients with HR-NB have only a 40% likelihood of 5-year overall 
survival.4,7–9 Therefore, the identification of novel molecular targets 
and therapeutics to treat HR-NB is urgently needed.

Uncontrolled tumor cell proliferation is a hallmark of cancer, and 
it is usually driven by the aberrant expression or activation of cell-
cycle regulators.10 Indeed, intervening in the cell cycle was among 
the earliest concepts for targeted therapies in oncology, and new 
strategies to target cell-cycle regulators are still being pursued.11 
Recently, CDK inhibitors have been tested in the treatment of NB.12 
However, redundancy in cell-cycle-related genes enables adaptive 
reprogramming to overcome the inhibition of individual cell-cycle 
regulators,13,14 and there is an effort in the field to identify thera-
peutic approaches that will more broadly quench cell-cycle signaling 
pathways.

TAF1D is a component of the transcription factor SL1/TIF-IB 
complex.15 The SL1/TIF-IB complex is involved in the assembly of 
the pre-initiation complex and stabilizes binding factor at the rDNA 
promoter during RNA polymerase I-dependent transcription,15,16 
but the specific role of TAF1D in these processes is not well under-
stood. One insight came from a proteomics study that analyzed the 
phosphorylation status of all TAFs throughout the cell cycle and de-
tected G2/M-specific phosphorylation of TAF1D,17 suggesting that 
TAF1D may have a role in cell-cycle regulation.

Although it has been reported that TAF1D is highly expressed 
in HR-NB,18 it remains unknown whether TAF1D has a biological 
function in NB pathogenesis. In this study, we prioritized genes that 
are highly expressed in MYCN-amplified HR-NB and that negatively 
correlate with survival in patients with NB and tested whether they 
were essential to sustain HR-NB cells. With a siRNA screening, we 
describe for the first time the role and mechanisms of TAF1D in 
NB carcinogenesis. TAF1D expression level negatively correlated 
with overall survival in three independent primary neuroblastoma 
cohort datasets. Moreover, silencing of TAF1D inhibits the growth 
of NB cells in vivo and in vitro, especially in MYCN-amplified HR-
NB. Mechanistically, we demonstrated that TAF1D knockdown 

downregulates the expression of G2/M phase-related genes, includ-
ing the master cell-cycle kinase, CDK1, and leads to G2/M arrest. 
Thus, our work describes a novel cell-cycle regulatory function of 
TAF1D in MYCN-amplified HR-NB that warrants further investiga-
tion as a potential therapeutic target and biomarker for HR-NB.

2  |  MATERIAL S AND METHODS

2.1  |  Antibodies and reagents

Antibodies and reagents are listed in Tables S1 and S2.

2.2  |  Cell lines and cell culture

MYCN-amplified NB cell lines SK-N-BE(2) and IMR32 (#CRL-2271 
and #CRL-127), MYCN-non-amplified NB cell lines SH-SY5Y and SK-
N-SH (#CRL-2266 and #HTB-11) and lentiviral packaging cell line 
293 T (#CRL-3216) were from the ATCC. SK-N-BE(2) was grown in 
DMEM with 10% FBS, 100 U/mL penicillin, and 0.1 mg/mL strepto-
mycin. IMR32 was grown in Eagle's Minimum Essential Medium with 
10% FBS, 100 U/mL penicillin, and 0.1 mg/mL streptomycin. All cells 
were cultured in a 5% CO2 humidified incubator at 37°C.

2.3  |  Cell transfection and RNA interference

The sequences of siRNA targeting specific genes are listed in 
Table S3. siRNA oligonucleotides were synthesized by the RiboBio 
Company, Guangzhou, China. For siRNA screening experiments, siR-
NAs were used at a final concentration of 60 nM and transfected 
with Lipofectamine RNAiMAX transfection reagent according to the 
manufacturer's protocol. Cells were harvested for RNA isolation and 
immunoblot 72 h after siRNA transfection.

2.4  |  Construction of stable TAF1D knockdown of 
MYCN-amplified NB cell lines

The sequences of two shRNAs specifically targeting TAF1D are 
the same as two siRNAs for TAF1D (siTAF1D-1#, siTAF1D-3#). Two 
shRNA sequences named “shTAF1D-926#” and “shTAF1D-927#” 
were cloned into the lentiviral transfer plasmid (pGV654#, Shanghai 
Genechem Company, China) separately. 293 T cells were trans-
fected with lentiviral transfer plasmid, packaging plasmid and enve-
lope plasmid (pHelper 1.0# and pHelper 2.0#, Shanghai Genechem 
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Company, China) using a calcium phosphate cell transfection kit 
(C0508#, Beyotime Company, China). The recombinant lentiviruses 
were harvested 96 h post-transfection. The multiplicities of infection 
for lentivirus infecting were 10 for SK-N-BE(2)/IMR32 cells and 20 
for SH-SY5Y cells.

2.5  |  MYCN-amplified NB xenograft mouse model

We obtained 6-week-old female BALB/c-nude mice from the Vital 
River Laboratory Animal Technology Company, Beijing, China. Mice 
were housed in specific pathogen-free conditions in the Department 
of Laboratory Animal Center at Capital Medical University.

For in vivo HR-NB cell xenografts, TAF1D-knockdown and con-
trol cells (5 × 106) were suspended in DMEM with 50% Matrigel 
and subcutaneously injected into the right dorsal flanks of blindly 
randomized nude mice (n = 5 per group). Mice were observed every 
3 days and euthanized 31 days after cell inoculation. Tumors were 
excised and photographed, measured, and weighed. Some tumor tis-
sues were subjected to RT-qPCR and immunohistochemical analysis.

2.6  |  Cell viability and colony formation assays

The xCELLigence RTCA system was used for label-free and real-time 
monitoring of cell viability. NB cells were seeded into the xCELLi-
gence system 24 h after transfection with siRNA, and each well was 
seeded with 5000 cells of SK-N-BE(2)/IMR32 or 10,000 cells of SH-
SY5Y. Continuous monitoring of cell viability by the xCELLigence 
system was shown in the form of delta cell index determination.

For the colony formation assays, cells were plated in triplicate 
at 600 cells/well (SK-N-BE(2) and IMR32). After 14 days, cells were 
fixed with 4% paraformaldehyde for 15 min and stained with 0.1% 
crystal violet for 20 min. Colonies were photographed and counted 
using AlphaView software (ProteinSimple).

2.7  |  Flow cytometry and cell-cycle analysis

SK-N-BE(2) cells were cultured in 6-well plates and transfected with 
siRNA. 72 h post-transfection, cells were trypsinized and then fixed 
with 70% ethanol at −20°C overnight. After centrifugation, cell pel-
lets were digested with 100 μg/mL RNase A for 30 min at 37°C and 
stained using propidium iodide (50 μg/mL in 0.2% Triton X-100) for 
10 min. Subsequently, the cells were collected on a FACS Calibur 
flow cytometer and analyzed by FlowJo software (BD Biosciences). 
Over 1 × 104 cells were analyzed for each sample.

2.8  |  Immunohistochemical analysis

The xenograft NB tumors were fixed overnight in 4% paraformal-
dehyde, dehydrated in a graded series of ethanol, and embedded in 

melted paraffin wax. For the immunohistochemical analysis, 4 μm 
sections were first deparaffinized and rehydrated. Antigen retrieval 
was performed in a pressure cooker at 100°C for 3 min in 10 mM 
sodium citrate (pH 6.0) for anti-CDK1 treatment or in 1 mM EDTA 
(pH 9.0) for anti-Ki67 treatment, and endogenous peroxidase activ-
ity was blocked with 3% hydrogen peroxide for 15 min at room tem-
perature. The slides were then incubated in 5% goat serum. Then, 
slides were incubated with primary antibodies at 4°C overnight in a 
humid environment. Tissues were washed extensively in PBS buffer 
containing 0.05% (v/v) Tween-20. Detection was performed using 
a HRP-conjugated secondary antibody followed by chromogenic 
detection using DAB as the substrate. The sections were counter-
stained with hematoxylin and dehydrated with ethanol and xylene 
prior to mounting.

2.9  |  RNA isolation, reverse transcription, and RT-
qPCR

Total RNA was isolated using TRIzol reagent and mRNAs were 
converted to cDNA using the PrimeScript™ RT Master Mix for RT-
qPCR. Primers of RT-qPCR are listed in Table S4. RT-qPCR analysis 
was performed using iTaq SYBR Green on an Applied Biosystems 
ABI Viia7 Sequence Detection System using standard cycling con-
ditions, and mRNA expression values were quantified with corre-
sponding standard curves and normalized to housekeeping genes 
GAPDH.

2.10  |  Immunoblot analysis

Cells were collected and proteins were extracted using NP-40 lysis 
buffer with proteinase inhibitors and quantified using a BCA protein 
assay kit. Equal amounts of protein were separated by 10% or 12% 
SDS-PAGE and transferred onto 0.22 μm PVDF membranes. The 
membranes were blocked and incubated with the primary antibodies 
at 4°C overnight, and then incubated with HRP-conjugated primary 
antibodies at room temperature for 40 min. The protein bands were 
visualized by X-ray film using a freshly made electrochemilumines-
cence reagent.

2.11  |  Bioinformatic analysis

The NB tumor RNA sequencing and clinical data were profiled via 
the SEQC project and downloaded from the GEO website (https://
www.ncbi.nlm.nih.gov/geo/), including the GSE49711 dataset. 
Clinical data from patients with NB were used to determine the ex-
pression level of 20 candidate/known oncogenes with or without 
MYCN amplification and the difference in overall survival between 
NB patients with low or high expression of these genes. Among 
these genes, the difference between TAF1D mRNA levels among 
INSS stages and between non-high-risk versus high-risk patients 
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was further analyzed. Additionally, The TAF1D expression levels 
in MYCN-amplified and MYCN-non-amplified NB as well as survival 
analysis in Kocak-649 and Westermann-144 neuroblastoma data-
sets were analyzed via the Genomics Analysis and Visualization 
Platform (R2; http://r2.amc.nl).

2.12  |  Statistical analysis

GraphPad Prism version 8 software program (GraphPad Software) 
was used to analyze the mRNA levels and other quantification data. 
JMP pro16 (SAS Institute) was used to analyze Depmap datasets. 
Most of the data are presented as the mean ± SD. Differences be-
tween groups were analyzed using the Student's t-test or two-way 
ANOVA. The p-values of gene mRNA levels among MYCN status and 
risk level were calculated using a linear model with the R package 
limma, and the p-values of INSS stages were calculate by one-way 
ANOVA. The log-rank test was used to determine the p-value in the 
overall survival analysis. Statistical significance in this study was set 
at p < 0.05.

3  |  RESULTS

3.1  |  Targeted siRNA screen identified TAF1D as an 
oncogenic driver in MYCN-amplified HR-NB cells

To identify new essential genes in MYCN-amplified HR-NB, we 
analyzed a dataset of 498 well annotated cases of NB (GSE49711, 
SEQC-498)19 and selected genes that were highly expressed in 
MYCN-amplified HR-NB (log2FC MYCN-amplified vs MYCN-non-
amplified >0.8, p < 0.05) as well as negatively correlated with sur-
vival (p < 0.05). After excluding genes with well defined functions 
in NB, we analyzed the remaining genes using a protein–protein in-
teraction network and function prediction databases (i.e., STRING, 
IntAct, GENECARD), which finally prioritized 19 genes with possi-
ble roles in NB (Figure 1A, Figure S1). Next, we designed a small-
interfering RNA (siRNA) library targeting these 19 candidate genes 
as well as targeting GPC2, which has an established role in NB, as a 
positive control20 (Figure 1A). We transfected the MYCN-amplified 
NB cell line, SK-N-BE(2), with one of the 20 pools of siRNAs and 
with Luciferase-targeting siRNA as a negative control.21 Then, cells 

F I G U R E  1  Identification of TAF1D as a potential oncoprotein in MYCN-amplified NB. (A) In total, 20 candidate/known oncoproteins 
in neuroblastoma. (B) Small-scale RNAi screen using a library targeting potential oncoproteins in neuroblastoma. (C) TAF1D gene_effect 
analysis of tumor cells in CRISPR_gene_effect Depmap dataset. (D) TAF1D gene_effect analysis of tumor cells in Achilles_gene_effect 
Depmap dataset.

http://r2.amc.nl
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F I G U R E  2  TAF1D expression is associated with clinical characteristics of NB. (A–C) TAF1D expression in samples stratified according to 
MYCN status, INSS stage, and risk group; data were obtained from the GSE49711 dataset (SEQC-498). (D) Kaplan–Meier analysis of overall 
survival in patients with NB with high or low expression of TAF1D; Cutoff mode: quartiles, high expression of TAF1D group means the 
highest quartile NB cases (n = 125) and low expression of TAF1D group means the lowest quartile NB cases (n = 125). amp: amplification; NA: 
non-amplification.

F I G U R E  3  siRNA-mediated knockdown of TAF1D inhibits MYCN-amplified NB cell growth more effectively. (A, D) RTCA monitoring of 
MYCN-amplified SK-N-BE(2) cells (A) or MYCN-non-amplified SH-SY5Y cells (D). (B, E) Representative images and quantification of crystal 
violet staining of SK-N-BE(2) (B) or SH-SY5Y cells (E) 72 h after transfection. (C, F) mRNA expression levels of TAF1D in control and siRNA-
TAF1D groups in SK-N-BE(2) (C) or SH-SY5Y cells (F). **p < 0.01, *p < 0.05.
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were analyzed using crystal violet staining to identify proteins re-
quired for cell viability. As expected, GPC2 knockdown significantly 
reduced cell viability, and we also observed that the knockdown of 
TAF1D markedly reduced the viability of MYCN-amplified NB cells 
(Figure  1B). Consequently, we queried the Avana library in the 
Depmap datasets, which contains genome-scale CRISPR/Cas9 loss-
of-function screening data from a collection of 987 human cancer 
cell lines from 29 tumor types,22,23 and we found that the gene ef-
fect score of TAF1D was lowest in NB compared with all other tumor 
types, indicating that the highest toxicity was observed following 
TAF1D knockout in NB than other tumor types (Figure 1C). Further, 
in the Achilles-gene-effect dataset screening the effect of gene de-
ficiency in 926 human cancer cell lines from 29 tumor types in the 
Depmap datasets,24,25 TAF1D deficiency was most toxic in NB tu-
mors compared with all others (Figure 1D). Collectively, our results 
implicated TAF1D as a newly discovered essential gene in NB.

3.2  |  TAF1D is associated with disease 
progression and poor clinical outcomes in patients 
with NB

TAF1D is a transcriptional regulator,15 but whether it has any role in 
NB carcinogenesis is unknown. To assess the contribution of TAF1D 
to NB pathogenesis, we further analyzed the relationship between 

TAF1D expression level and clinical outcomes in a 498 neuroblas-
toma cohort. TAF1D expression was higher in MYCN-amplified NB 
compared with MYCN-non-amplified NB (Figure 2A), and INSS stage 
3 and stage 4 NBs had higher TAF1D expression compared with stage 
1/2/4S (Figure 2B). Additionally, TAF1D expression was higher in HR-
NB compared with non-HR-NB (Figure  2C). Finally, Kaplan–Meier 
analysis revealed that higher TAF1D expression was associated with 
poorer overall survival in patients with NB (Figure 2D, Figure S2C). In 
addition, we further analyzed the TAF1D expression levels and over-
all survival in two other neuroblastoma datasets (Kocak, n = 649; 
Westermann, n = 144) via the Genomics Analysis and Visualization 
Platform (R2; http://r2.amc.nl). Consistently, TAF1D expression lev-
els were also higher in MYCN-amplified NB and high TAF1D expres-
sion was negatively associated with the survival of NB patients in 
these datasets (Figure S2A,B,D,E). Taken together, these observa-
tions suggest that highly expressed TAF1D correlated with poor clini-
cal outcomes in patients with NB.

3.3  |  TAF1D knockdown more potently inhibits the 
proliferation and colony formation in MYCN-amplified 
compared with MYCN-non-amplified NB cells

Because TAF1D expression was associated with MYCN amplification 
status and NB progression, we next investigated whether TAF1D 

F I G U R E  4  shRNA-mediated knockdown of TAF1D reduces the viability in MYCN-amplified NB cell lines more effectively. (A, D) RTCA 
monitoring of stable TAF1D-knockdown (shTAF1D-926# and shTAF1D-927#) and control group in MYCN-amplified SK-N-BE(2) cells (A) or 
MYCN-non-amplified SH-SY5Y cells (D). (B) Representative images and quantification of colony formation in SK-N-BE(2) cells with shRNA 
constructs as indicated. (C, E) TAF1D mRNA expression levels in SK-N-BE(2) (C) or SH-SY5Y cells (E) with TAF1D-targeting or control shRNA 
as indicated. **p < 0.01.

http://r2.amc.nl


2866  |    ZHANG et al.

was required for proliferation and colony formation. We transfected 
the MYCN-amplified NB cell lines (SK-N-BE(2) and IMR32 cells)4 
and MYCN-non-amplified NB cell lines (SH-SY5Y and SK-N-SH)26 
with two independent TAF1D-targeting siRNA or non-targeting 
control siRNA. Next, we monitored their dynamic proliferation 
using RTCA.27 TAF1D knockdown decreased the delta cell index 
more robustly in MYCN-amplified NB cells compared with MYCN-
non-amplified NB cells, indicating TAF1D may play a specific role in 
MYCN-amplified NB cell proliferation (Figure  3A,D). An additional 
assessment of cell proliferation using crystal violet staining also 
revealed that TAF1D knockdown decreased the viability of MYCN-
amplified NB cells more significantly compared with MYCN-non-
amplified cells (Figure 3B,E, Figure S3A,C). Efficient knockdown of 
TAF1D was confirmed by RT-qPCR in all four cell lines (Figure 3C,F, 
Figure  S3B,D). Similar proliferation phenotypes were observed 
in these cell lines upon stable transfection with two independent 

shRNAs named shTAF1D-926# and shTAF1D-927# validated by 
RT-qPCR (Figure 4A,C–E, Figure S4A,C). Consistent with these find-
ings, colony formation assays revealed that TAF1D-targeting shRNA 
robustly reduced colony numbers compared with controls in both 
MYCN-amplified NB cells (Figure  4B, Figure  S4B). Taken together, 
these data suggest that TAF1D facilitates the proliferation and col-
ony formation of MYCN-amplified NB cells more effectively.

3.4  |  TAF1D knockdown limits the growth of 
MYCN-amplified NB tumors

To explore the role of TAF1D in tumors, we established subcu-
taneous xenografts in BALB/c-nude mice using SK-N-BE(2) cells 
infected with TAF1D-targeting or control shRNA as previously de-
scribed.28 TAF1D knockdown with either validated shRNA resulted 

F I G U R E  5  TAF1D knockdown inhibits growth of MYCN-amplified NB in vivo. (A) Images of xenograft mice. (B) Images of xenograft 
tumors. (C) Tumor weight. (D) Tumor volume. (E) TAF1D mRNA expression levels in SK-N-BE(2) xenografts with TAF1D-targeting or control 
shRNA as indicated. (F) Representative images and quantification of Ki-67 immunostaining in SK-N-BE(2) xenografts with TAF1D-targeting 
or control shRNA as indicated. Mean ± SEM is used in Figure 5D. *p < 0.05, **p < 0.01.
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in significantly smaller tumors compared with controls (Figure 5A–
E). In agreement with our in vitro data, immunohistochemical stain-
ing showed that the proliferation marker, Ki-67,29 was significantly 
lower in tumors from both TAF1D-knockdown groups compared with 
the control (Figure 5F). We conclude that TAF1D deficiency impaired 
in vivo tumor formation in a subcutaneous xenograft model of NB, 
suggesting it could be an oncogenic driver in MYCN-amplified NB.

3.5  |  TAF1D knockdown impairs cell-cycle 
progression by transcriptionally regulating cell-cycle-
related genes in MYCN-amplified NB cells

To investigate which pathways might be linked to the growth ar-
rest phenotype observed in TAF1D-knockdown cells, we performed 
RNA-seq analysis on SK-N-BE(2) cells harboring two different TAF1D 
siRNA targeting (siTAF1D-1#, siTAF1D-3#) or two different negative 
control siRNA targeting (siCtrl-1#, siCtrl-2#) 72 h after siRNAs trans-
fection. Compared with the negative control groups, TAF1D knock-
down significantly changed gene expression profiles (Figure  6A), 
with good reproducibility between the two TAF1D-targeting siRNAs 
used (Figure 6B). Kyoto Encyclopedia of Genes and Genomes (KEGG) 
analysis using the DAVID functional annotation tool was employed 
to categorize the differentially expressed genes, and the results were 
visualized using the R language.30 Because TAF1D is the component 
of transcription factor complex that induces gene expression, we 
focused on genes that were downregulated by TAF1D knockdown 
for KEGG analysis, and we found that TAF1D knockdown decreased 
the expression of genes involved in various biological processes, 

especially genes involved in cell-cycle progression (Figure  6C). In 
particular, TAF1D knockdown downregulated genes associated with 
G2/M (Figure  6D), suggesting that decreased expression of these 
genes may directly contributes to the observed proliferation pheno-
type in TAF1D-knockdown cells.

We next validated a subset of cell-cycle relevant genes whose 
expression was decreased upon TAF1D knockdown by RT-qPCR, 
including G2/M phase-related genes (e.g., CDK1, ANAPC1, and 
BUB1)31,32 (Figure  7A, Figure  S5). As expected, these G2/M-
associated genes were reduced dramatically, whereas the expres-
sion of CDK4 and CDK6 was barely changed by TAF1D knockdown 
(Figure 7A), consistent with the RNA-seq results. We also evaluated 
the protein levels of CDK1, CDK4, and CDK6 in SK-N-BE(2) cells, and 
the changes in protein levels were similar to the changes in gene ex-
pression for all three genes (Figure 7B). The CDK1 protein level was 
also reduced in TAF1D-knockdown xenograft tumors (Figure 7C).

Given that CDK1 is the primary kinase that drives the G2/M 
transition to enter mitosis,33 we next analyzed cell-cycle progression 
in TAF1D-knockdown SK-N-BE(2) cells by flow cytometry. In agree-
ment with our RNA-seq analysis, the knockdown of TAF1D led to 
an obvious accumulation of cells in G2/M (Figure 7D). Additionally, 
we observed a sub-G1 fraction of cell cycle in TAF1D-knockdown 
cells 72 h after siRNA transfection, indicating that TAF1D knock-
down may induce apoptotic cell death following a sustained G2/M 
arrest (Figure 7D). In summary, our data support a role for TAF1D 
in cell-cycle progression and proliferation in NB cells through tran-
scriptional regulation of cell-cycle-related genes and suggest that 
TAF1D therapeutic targeting may be an effective approach to treat 
MYCN-amplified HR-NB.

F I G U R E  6  TAF1D knockdown reduces the expression of cell cycle-related genes. (A) Cluster heatmap of gene expression in SK-N-BE(2) 
cells transfected with two different TAF1D siRNA-targeting (siTAF1D-1#, siTAF1D-3#) or two different negative control siRNA-targeting 
(siCtrl-1#, siCtrl-2#) 72 h after transfection. (B) Correlation plot between the fold change in gene expression in SK-N-BE(2) cells with the 
two independent TAF1D-targeting siRNAs. (C) KEGG analysis of changed genes in SK-N-BE(2) with TAF1D-targeting or control siRNA as 
indicated. (D) Heatmap of representative cell cycle genes affected by TAF1D knockdown in SK-N-BE(2) cells.
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4  |  DISCUSSION

MYCN amplification is the most common oncogenic lesion in 
HR-NB.6 Because it is associated with poor clinical outcomes, 
MYCN amplification is used as a biomarker for risk stratification.5 
However, owing to the lack of a druggable binding pocket, MYCN 
is not amenable to direct pharmacologic inhibition.34 Therefore, 
exploiting the MYCN dependency in HR-NB requires rational drug 
strategies to target pathways specifically activated in MYCN-
amplified HR-NB. To this end, we prioritized 19 genes based on 
high expression levels and association with poor clinical outcomes 
in HR-NB to test for their effect on the viability of MYCN-amplified 
HR-NB cells. We determined that TAF1D is required for cell viability 
and proliferation, colony formation, and tumor growth especially 
in MYCN-amplified HR-NB models. Furthermore, the interroga-
tion of publicly available datasets showed that TAF1D was overex-
pressed in HR-NB and was associated with poor clinical outcomes 

in patients with NB. Collectively, our results demonstrate that 
TAF1D potentiates cell proliferation and tumorigenesis in HR-NB 
and warrants further study as a potential therapeutic target and 
new biomarker for HR-NB.

We hypothesized that the role of TAF1D in HR-NB cell prolifer-
ation may depend on its transcriptional regulator activity. Indeed, 
RNA-seq analysis confirmed that TAF1D knockdown downregu-
lates the expression of a set of genes involved in the cell cycle and 
G2/M, including CDK1 and APC/C components (e.g., ANAPC1 and 
ANAPC13).31,33 It is well known that depletion of CDK1 induces 
G2/M arrest and slows cell proliferation. Consistently, we found 
that TAF1D knockdown also induced G2/M arrest, indicating that 
reduced CDK1 expression in TAF1D-knockdown HR-NB cells may 
partially explain the mechanism that underlies the proliferation 
phenotype. Additionally, the role of TAF1D on the cell cycle is sup-
ported by a phosphoproteomics study that identified G2/M-specific 
phosphorylation sites on TAF1D,17 and further functional studies 

F I G U R E  7  TAF1D knockdown induces G2/M arrest. (A, B) mRNA expression levels (A) or protein level quantification (B) of TAF1D, CDK1, 
CDK4, and CDK6 in SK-N-BE(2) cells with TAF1D-targeting or control siRNA as indicated 72 h after transfection. (C) Representative images 
and quantification of CDK1 immunostaining in SK-N-BE(2) xenografts (Figure 5) with TAF1D-targeting or control shRNA as indicated. (D) 
Cell-cycle analysis of SK-N-BE(2) cells with TAF1D-targeting or control siRNA as indicated. *p < 0.05, **p < 0.01.
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of phospho-TAF1D will be important to understand whether these 
sites are required for the cell-cycle effects of TAF1D.

Aberrant cell cycle activation and proliferation are hallmarks of 
cancer, and anti-cell-cycle drugs are approved for some cancer indi-
cations.11,35 However, the adaptive responses to cell-cycle inhibitors 
and therapeutic index have limited the clinical success of this class 
of drugs so far, and additional mechanistic insights are required to 
identify new molecular targets as well as to stratify patients for ther-
apies. TAF1D is an understudied TAF with unknown target genes.15 
Our study demonstrated that TAF1D controls the expression of 
a broad array of cell-cycle-related genes, suggesting that TAF1D 
knockdown inhibits cancer cell proliferation mainly by disrupting 
cell-cycle progression. A deeper mechanistic understanding of how 
TAF1D regulates the expression of these cell-cycle genes will be im-
portant for future studies.

The fact that transcription factors (TFs) have traditionally been 
considered “undruggable” due to significant structural disorder 
and the lack of small-molecule binding pockets raises concern re-
garding the druggability of TAF1D. Proteolysis targeting chimera 
(PROTAC)-induced protein degradation is a recently developed ther-
apeutic strategy to quench the function of “undruggable” targets36; 
therefore, PROTAC-mediated targeting of TAF1D may be a promis-
ing strategy. To this end, we are screening DNA-encoded libraries 
(DELs),37 which are massive libraries of small molecules tagged with 
individual DNA bar codes, to identify candidate ligands capable of 
binding TAF1D that may enable targeting with PROTACs. Based on 
the three essential chemical element PROTACs,38 we next to con-
struct TAF1D-targeting PROTACs by combining prioritized ligand 
candidates, a linker, and another ligand bound to an E3 ubiquitin li-
gase that is highly expressed in MYCN-amplified HR-NB to test in 
MYCN-amplified HR-NB. Additionally, mounting evidence demon-
strates that nucleic acid therapeutics (i.e., chemically modified anti-
sense oligonucleotides [ASOs] and lipid nanoparticles [LNPs])39,40 as 
well as peptide aptamers41 can be employed to validate known fac-
tors as potential anti-tumor therapeutic targets by assessing the bio-
logical consequences of their intracellular inhibition. Further studies 
of these strategies may help to illuminate a viable drug development 
strategy for targeting TAF1D.

In conclusion, we demonstrated that TAF1D fuels the prolifera-
tion of MYCN-amplified HR-NB cells, and we identify a novel role of 
TAF1D in regulating the cell cycle. Compared with current strategies 
of drugging individual cell-cycle genes, targeting TAF1D represents 
a novel therapeutic concept to inhibit cell proliferation by targeting a 
broad set of cell-cycle genes, which may be less susceptible to adap-
tive resistance mechanisms. Our findings encourage further transla-
tional studies of TAF1D as a prognostic biomarker and a therapeutic 
target for MYCN-amplified HR-NB.
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